The spray droplets generated by agricultural nozzles play an important role in the application accuracy and efficiency of plant protection products. But, the process of generating and controlling small droplets of high uniformity, constant size and form is complex and difficult to quantify or model. The limitations of the nonimaging techniques and the recent improvements in digital image acquisition and processing increased the interest in using high speed imaging techniques in pesticide spray characterisation. The goal of this study was to apply an imaging technique to evaluate the characteristics of a single spray droplet using a piezoelectric single droplet generator in a dropleton-demand mode with 4 glass nozzles and a high speed imaging technique. Tests were done with a high-speed camera, microscope lenses, and a xenon light source. Image analysis algorithms were developed for droplet sizing and tracking on images gained from this acquisition system. The experiments have shown that using the selected image acquisition and processing system, different droplet sizes and velocities can be measured. By changing the pulse width and the nozzle orifice size, repeatable droplets could be generated with a size ranging from 135 μm up to 461 μm. The ratio between droplet diameter and nozzles orifice opening varied from 1.33 up to 3.42 depending on the settings.
Introduction
The process of generating and controlling small droplets of high uniformity, constant size and form is necessary for proper control over droplet production in the spray application process which can lead to reduction of the pesticide usage and so forth reduce the environmental impact. That is why it is necessary to further improve the efficiency of pesticide spray applications. In particular, the size of the droplets in the spray is one of the important characteristics in the spray application process. Moreover, the droplet size and velocity spectrum are affected by key variables such as nozzle type, size, spray angle, spray pressure, and physical liquid properties [1] [2] . In order to evaluate the spray application process, we firstly used a double pulsed piezoelectric droplet generator for generating single droplets. The generator was used in droplet-on-demand mode. This mode has been used in many technical, industrial, and scientific applications due to the small minimum fluid volume needed to form droplets [3] [4] [5] [6] . Here, the challenge was to exhibit a control over the droplet size, velocity and stability through changing the nozzle orifice size and pulse width to the piezoelectric element. In addition, it was desirable to eliminate satellite droplets. More information about the process and different aspects of the microdrop generation are described in detail by Lee [7] . In the past, mainly intrusive methods, also called sampling techniques, were used for spray droplet characterization. With these techniques, droplets were collected and analyzed using mechanical sampling devices. However, these sampling devices may affect the spray flow behaviour and can only be used to evaluate spray droplet deposition and estimate droplet size [8] . Commercially available techniques are mainly using laser instrumentation and can be classified as optical nonimaging light scattering spray characterization techniques. Although these techniques are able to measure some specific spray droplet characteristics, none of them are able to fully characterize a spray droplet application process. Further, one of the challenges is that spray droplets are fast (from 1 to 15 m/s and even faster) which means that high-speed cameras with a frame rate between 500 and 1000 frames/s are needed to capture the droplet movement. An exposure time of only a few µs is allowed, to record a small droplet at a considerable velocity with sufficient sharpness and contrast. This can be realized with a suitable shutter time of the camera. The solution may be found in calculating the subpixel accuracy [9] . Moreover, spray droplet diameters are small and cover a wide range of diameters (10-100 µm). Consequently, it is necessary to magnify the droplets so their size can be measured accurately. As droplets are translucent, a backlight must be used and because of the specific characteristics of this technique and application, a high power light source is needed. As an alternative to high speed techniques, the recording of droplets ejecting from a nozzle can be performed using a high resolution camera in combination with a stroboscopic system which should work at very high frequencies (1000-10.000 Hz) [3, 5, 10] . However, since the droplet ejection is a fast process and needs high resolution and accuracy to be able to fully track it, we decided to use a high speed camera [11] at this stage of the project. The advantage was also the availability of and experience with this camera as it is already used in other research activities done by ILVO and AgroSup. This paper presents the developed image analysis algorithm for the evaluation of a single droplet diameter and velocity at different settings. The image acquisition system developed by Vulgarakis et al. [12] was used and consisted of a CMOS high-speed camera with microscope lens and Xenon light used as a background light. Vulgarakis et al. [12] proves that a good image acquisition system is necessary for a droplet characterization with image processing algorithms. In future work, the gathered knowledge, the developed image acquisition set-up and algorithms will be used as a starting point to characterize a single spray nozzle and real sprayer application.
Materials and methods
The image acquisition system developed by Vulgarakis et al. [12] to characterize droplets generated by a piezoelectric single droplet generator in drop-on-demand mode (DOD) was used. This consisted of a xenon light as a background illumination against the droplet generator combined with a high-speed camera, microscope lens and a frame capture device ( Figure 1 ). All measurements were repeated 5 times using water. Hence at the end, the mean droplet diameter and ejection velocity were calculated for every selected pulse width using image analysis. Therefore, the materials and methods will be divided in two parts: image acquisition system (2.1) and droplet characterization with image analysis (2.2).
Image acquisition system
The N3 high speed camera (IDT, Lommel, Belgium) in this research was used at a maximum resolution of 1280 x 1024 pixels with a pixel resolution of 8.23 µm calculated using a Halcon calibration plate and HDevelop software (MVTec Halcon Software, version 8.0, GmBH, Munchen, Germany) (Figure 4 ). Moreover, the imaging frequency of the high speed camera was set to 1000 Hz with a +3dB sensor gain [13] . The distance between the camera and the droplet generator was 43 cm (Figure 1) . In order to image a droplet, the droplet ejection was triggered with the camera [14] using the software package Motion Studio (IDT, Lommel, Belgium, version: 2.09, 2011). For the purpose of achieving a 10.5 mm x 8.4 mm field of view (FOV), which is necessary for tracking and analyzing the smallest spray droplets as found in the real spray application, a K2/SC long-distance microscope lens (Infinity, USA) was selected [15] .
Furthermore, knowing the droplet velocity is high, the exposure time should be in the time range of a few µs. Such a short exposure time requires high illumination intensities [13] . Moreover, the light should be easy to maintain a stable illumination which requires a highlycontrolled voltage supply. Therefore a xenon light short arc (WOLF 5132, Knittlingen, Germany, 300W) fed to the head by a flexible light conductor [10] was applied at 32 cm distance behind the droplet generator as concluded by Vulgarakis et al. [12] . A 6 µs exposure time was used in order to have bright images and to avoid the blurring effect [12] .
Droplet characterization with image analysis
Characterization of single droplets produced in a drop-ondemand mode was done using image processing algorithms developed in Matlab (2009b). Tracking and sizing the single droplet was based on the object tracking algorithm which is divided in 3 key steps: 1) Detection of the moving droplet; 2) Tracking the droplet from frame to frame and 3) Displaying the droplet characteristics (size and velocity). Droplet diameter and droplet ejection velocity were determined. Additionally, other information from this algorithm can be extracted such as perimeter, area, acceleration and so forth. The flow chart below shows the different steps in the determination of the droplet characteristics ( Figure 5 ). One of the largest problems in image analysis that may affect the droplet detection is the background noise. Hence, we decided first to choose a region of interest (ROI: 0.8 mm x 0.25 mm) beneath the nozzle for droplet tracking. The noise was removed by inverting the grayscale images to binary images using an adjusted parameter set to 0.8. This means, when the background is subtracted from the image with a droplet, the image contrast is adjusted such that there is at least 1% saturated pixels at low and high intensities. Further, the algorithm continues with a morphological closing operation using a structuring element disk ( Figure 7 ). Afterwards region extraction was performed measuring the properties of the labeled object like: Area, Perimeter, Orientation and so forth. The area of the droplet was calculated as the sum of the pixel components and the position of its center was found as the mass center of the droplet ( Figure 9 ). The elimination of other objects that are not droplets was achieved by removing all objects with circularity below 0.8. The circularity of an object can range from 0 (line) to 1 (circle) and is calculated as follows:
( 1) where A is the droplet area and P represents the droplet perimeter. Figure 9 . Result after locating the droplet center (The droplet center is marked with a blue star and the droplet edge is in red).
Furthermore, the algorithm finds the actual droplet diameter by multiplying the droplet size in pixels with the actual pixel size. For droplet tracking and calculating the droplet velocity, the displacement between two successive droplet center positions is calculated. The droplet velocity was calculated as the displacement multiplied by the frame rate (1 frame = 1 ms). Finally, the droplet velocity is plotted as a function of time as shown in Figure 10 . Figure 10 . Droplet velocity diagram through the frames. The highest droplet ejection velocities calculated with our system ranged from 0.684 m/s up to 1.250 m/s depending on the orifice size. However, the droplet ejection speed for a real spray application ranges from 2 to 50 m/s [7] . Higher ejection velocities can possibly be achieved with the same droplet generator by using a continuous mode [7] . Besides, it was possible to measure the droplet velocity for all the nozzles at 6 µs exposure time since the droplet moved less than a pixel between the frames (Table  1) . Moreover, no effect of blurring was observed and droplet sizes less than 150 µm could be measured accurately.
Results and discussion
In addition, Table 2 and Table 3 Given the results in Figure 11 and Table 2 , it is clear that the smallest droplets were produced with nozzle 4 having the smallest orifice opening of 65 µm. This comes from the fact that the smaller the orifice the harder the droplet generation, because of the surface tension at the nozzle exit. Possibly a higher voltage amplitude is necessary to produce more droplets also at other pulse width values.
Further, Table 4 Table 4 . Ratios between nozzles orifice opening and minimal -maximal mean droplet diameters.
Following the results in Table 3 , the ratios between the nozzle orifice and mean droplet diameter ranged from 1.33 (Nozzle 4) to 3.42 (Nozzle 2). In literature, this range is found to be between 2 and 5 for droplet-on-demand mode using droplet generator [7] .
Summarizing, we have developed an imaging system that can be further used to measure droplet characteristics (size, velocity) found in real spray applications, as was the main goal from the beginning (Figure 12 ). Special attention will be taken on the depth of field (DOF) size for droplet characterization. Figure 12 . Image taken with a real spray nozzle using the same acquisition system.
Conclusion and future work
A measuring set up and image processing algorithm in Matlab were developed to evaluate the characteristics of a single droplet using image acquisition and processing. The measurements were done using a single droplet generator in droplet-on-demand mode by changing the pulse width values. Experiments were done with 4 glass nozzles and different droplet sizes and velocities were successfully measured.
In future, further measurements will be made in the continuous mode for achieving bigger droplet ejection velocities as in the real spray application. Nevertheless, the experiments have shown that the initial droplet characteristics from the droplet generator are a function of the pulse width and the orifice size. By changing the pulse width, we can control the droplet ejection velocity and droplet size diameter.
In addition, further research should be done to determine the subpixel accuracy and depth of field for the use of image analysis in spray droplet characterization. Furthermore, in future we will use this image processing system for spray characterization using different spray nozzles.
